A bottom-up approach to a minimal EFT for leptogenesis,

dark matter, and neutrino masses
Based on Eur. Phys. J. C 85, 801 (2025)

Martina Sabova
Technical University of Munich

In collaboration with T. Blazek, P. Matdk and J. Ramaj

DISCRETE 2026
November 13 - 17, 2026


https://doi.org/10.1140/epjc/s10052-025-14543-w

Standard Model and the early Universe

Qpo=(689+060)% Qo= (26.0+0.36)% Q0 = (4.89 +0.07)%
Q,0=247 x1075/h2  Q,0=3.m,/(93.12eV)/h>  h=0.677 £ 0.004

[Navas et al. 2024 (Particle Data Group)]
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(0 and (2. o cogenesis

4 Renormalizable models [Bento, Berezhiani 2001; Falkowski, Ruderman, Volansky 2011; . . .]
or effective field theories [Baldes, Bell, Petraki, Volkas 2014; Ciscar-Monsalvatje, Ibarra, Vandecasteele 2024; . . .]

* Dark matter freeze—out [Davoudiasl, Morrissey, Sigurdson, Tulin 2010; Baldes, Bell, Petraki, Volkas 2014; ]
or freeze-in [Bento, Berezhiani 2001; Hall, March-Russell, West 2010; . . .]

4 Asymmetry generation through decays [Bhattacharya, Roshan, Sil, Vatsyayan 2022; Goudelis, Papachristou, Spanos
2022; ...] or scatterings [Bento, Berezhiani 2001; Goudelis, Karamitros, Papachristou, Spanos 2022; . . ]
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What level of complexity in terms of particles and their interactions is necessary?
What can the minimal effective theory look like?
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Qp 0 and €. o cogenesis

4 Cold dark matter: a stable massive particle coupled to the Standard Model fields via a portal
operator

4 Baryon asymmetry: B — L number violation
independent C and CP violation in particle reactions

departure from thermal equilibrium

[Sakharov 1967]
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CP asymmetries from interfering amplitudes

ST ATl = Tal? = |Tal? = Tal* — |7, &

Tﬁ = Z CﬁKﬁ, Cﬁ = CE}, Kﬁ =K; (2)

diagrams

. — (t loop 7-loop
Tﬁ = CﬁreeK}l_ree + Cﬁ Kﬁ , . o
—  A|T]* = —4Im[CF*°C; *P] Im[KF°Kz °F]  (3)
Tif _ CiftreeK:c_;ee + Cifloop K;)op



Holomorphic cutting rules and CP asymmetries

sfs=1 S=1+iT

iTt = iT — iTiT®

(4)
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Holomorphic cutting rules and CP asymmetries
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[Blazek, Matak 2021]

/ [Tidpr] AT = 3 /w f///w
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Holomorphic cutting rules and CP asymmetries
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n
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nk
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[Blazek, Matak 2021]
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Holomorphic cutting rules and CP asymmetries

AT =% (iTmiTnfiTﬁ. - iTifiTﬁliTni> (7)
n
= (AT T, Ty Ty — AT TdT,, T, )
n.k

+ ...
[Blazek, Matak 2021]
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{i} {n} {i} {n}

[Covi, Roulet, Vissani 1998; Botella, Nebot, Vives 2006]
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Neccesary conditions for CP violation
4 Imaginary kinematics from loop integrals

4 lrreducible complex phases in couplings

or

4 Forward scattering diagrams with at least two simultaneous on-shell cuts

4 Combinations of couplings represented by vacuum diagrams that are not invariant under
charged-particle arrow reversal
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The ingredients of a minimal model
* O ; =lH Oy =0y=N
— leptogenesis with no stable dark matter candidate

+ Op_; = {H,Ox = (X°PrX)X°

— either lepton asymmetry is too small or neutrino masses are too large
4+ O, =lH O, =05=5f
— Majorana fermion f of mass m, real scalar S of mass m’ < m
Az D
Lt = XSfPLEH + XHE P /H + h.c. o R (9)

[Blazek, Matdk, Ramaj, Sabova 2025]
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CP asymmetries in the minimal model
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CP asymmetries in the minimal model

o= [ [Tianexo-2/1) / v S AT
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CP asymmetries in the minimal model

A'YZH—>sf + AWH-»@H

0

(12)
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CP asymmetries in the minimal model

eq
A%, s T AVf—st 0 (13)
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CP asymmetries in the minimal model

eq eq _
AWHS—UC + My zms =

0

(14)
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Boltzmann equations

dv; Y Ys )\ e Yo ¥\ (a
e gy = (1 ~ sy ooy~ v T ye ) s ¥ Vremssi (15)
Y)fq va ’YfHZHS + ’YfaéHS
dYS Yf YS eq Yf YS eq

* ﬁ Y Vsers + Vs s

z2=m/T
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Boltzmann equations

d¥ar Y Ys Y Y
sHz =+ z(l—quYSeq Aifig + 7y AYeL s

f
Yar (Y  1Ys) o Yar Ys 1Y\ o
- YO\Y < +3 3 qu Vst — qu st 3 3 qu Vst—fe
4 YAL eq eq eq eq
3 Yl (fysf%EH 2%a om T 2 Vam 0 T qu vead Vi eHs

(17)

[Blazek, Maték, Ramaj, Sabovd 2025]
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Numerical analysis

YL

10! 1 10! 102 103 104
z=m/T

A =10" GeV,Tg = 5 x 10 GeV,m = 5 x 10" GeV,|A\*=1.8x 1073, =0.8
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Conclusions

4 Holomorphic cutting rules are easy to use to derive full set of asymmetric reactions from a
CP-odd basis invariant represented by a vacuum diagram.

4 Minimal EFT explaining dark matter relic density, matter-antimatter asymmetry, and neutrino
masses requires two d = 5 effective operators and two new particles.
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4 Minimal EFT explaining dark matter relic density, matter-antimatter asymmetry, and neutrino
masses requires two d = 5 effective operators and two new particles.

Thank you for your attention!

13



Backup

14



Ultraviolet freeze-in with T > m

eq eq A T® -6
Yer—sf T Vs = 875 A2 =s(Tr)H(Tr) x Sx
g 3 mT®

tHSf = T 3976 A3 =s(Tp)H(Tg) x Ax~°

with x = TR/T
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Ultraviolet freeze-in with T > m

|/\‘2 T6

eq eq o _ —6
’YZH—)Sf + ’YZHHSf - ﬁp _S(TR)H(TR) x Sx (18)
eq 3Tm[N2\*] mT® 6
Mg = 356 a3 = S(TRH(TR) x Ax (19)
with x = TR/T

m\?\] = Zlm Dadaidels AP =D al NP =D [Nl
a,b

a

I 2\ /%
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Ultraviolet freeze-in with T > m

dyy  dYs o dYpg dYa@-1) 2
P Al R — = Ax~ 20
& dx Y Tdx dx (20)
1. Freeze-inat T < Tr
Yf —S, Ys—S, YA(B—L) — —A

2. f — (HS,/HS asymmetric decays at T <m

3
Yf — O, Y — 25, YA(B—L) — 7ZA
3. Sphalerons
28 21
Yap = — n=—=—A
AB = g TAB-1) 79
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Ultraviolet freeze-in with T > m

vaofﬁﬂfﬂgmpm”ﬂw()19
Qo Ysm 6327 v m T

For m2 ~ |Am2,| ~ 2.5 x 1072 eV2, we obtain m/m’ > 10%.

[Navas et al. 2024 (Particle Data Group)]

(21)
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